High Performance Concrete is particularly sensitive to self-desiccation of the cement paste during the hydration process, which leads to autogenous shrinkage. If a restraint is present, autogenous shrinkage may lead to high self-induced stresses, possibly causing surface and even through cracks and potentially jeopardizing the durability of the concrete structure. It is a matter of vital importance to grasp the characteristic of high performance concrete, especially in the case of RC.
INTRODUCTION
High Performance Concrete is particularly sensitive to self-desiccation of the cement paste during the hydration process, which leads to autogenous shrinkage. If a restraint is present, autogenous shrinkage may lead to high self-induced stresses, possibly causing surface and even through cracks and potentially jeopardizing the durability of the concrete structure. It is a matter of vital importance to grasp the characteristic of high performance concrete, especially in the case of RC.
In former study by Sato et al. [1] , some experiments of self-induced stress in concrete, which are measured by strain of embedded deformed reinforced bar and equilibrium of force, differ from the results of stress analysis with superposition and linear stress-strain relationship of creep, whereas the others are well-predicted by that analysis method. Reason of this discrepancy may be explained by micro-cracking of concrete in early ages.
Focusing this phenomenon, using two different super-high-strength concrete were used for self-induced stress experiment, and an evidence of crack at a vicinity of reinforcement was caught experimentally and numerical analysis of self-induced stress with micro-cracking in early age is proposed.
EXPERIMENT

Materials and mixture proportions
Two types of concrete whose water to binder ratio is 0.15 were experimented. One is by ordinary Portland cement (SFNC), and the other is by low heat cement with expansive additive and shrinkage reducing agent (SFLCEX). Aiming for different shrinkage strain, expansive additive and shrinkage reducing agent were used for SFLCEX. Materials used for this concrete are listed in Table 1 and the mixture proportions are shown in Table 2 .
Experimental Method
Self-induced stress test with embedded deformed bar (reinforcement ratio: 8.6%) and inspection of micro-crack in concrete at the vicinity of rebar were performed. In Self-induced stress test, strain of rebar on upper and bottom surface at the center is measured by wire strain gauge, and stress in rebar and concrete is calculated based on equilibrium of force. The inspection of micro-crack was by absolute ethyl alcohol with oil based ink. Rebars were grooved to store the colored alcohol. When the micro-crack occur under restraint condition, the colored alcohol is sucked in the micro-cracking. The benefit for using ethyl alcohol is that it has less activity with cement and small surface tension. It is difficult to store the colored alcohol in groove just after casting, brass bars were embedded in groove until 10 hours after casting and then the colored alcohol is stored. The specimens were split at 9 days. The experimental details of these are shown in Figure 1 . In addition, measuring of autoghous shrinkage of concrete whose size is φ100x400 mm by embedded gauge with Young's modulus of 40 N/mm 2 , compressive strength and Young's modulus with specimen size in φ100x200 mm, tensile splitting strength with specimen size in φ200x150 mm were performed.
All the specimens are cured at 20 o C and they were sealed with aluminium adhesive tape of 0.05 mm thickness to prevent the evaporation of water.
EXPERIMENTAL RESULT
Compressive strength of SFNC and SFLCEX at 28 days is 137 N/mm 2 and 124 N/mm 2 respectively. The development of Young's modulus, tensile splitting strength, autogenousshrinkage and self-induced stress of concrete are shown in Figure 2 -5. Figure 2 and Figure 3 are plotted just after casting, while origin of age in Figure 4 and Figure 5 is the time that self-induced stress was observed in self-induced stress test. Those times of SFNC and SFLCEX were 8.5 hours and 10.0 hours after casting, respectively.
Development of Young's modulus, splitting tensile strength, and autogenous shrinkage of SFNC is more rapid compared with those of SFLCEX. At 28 days, however, the same level of Young's modulus and splitting tensile strength of SFLCEX as those of SFNC were observed.
In self-induced stress test, it could be explained by large reinforcement ratio, SFLCEX shows compressive stress at 28 days. The tensile stress by large shrinkage in early ages, when the Young's modulus of concrete is smaller compared to that of matured age, is compensated and compressive stress is stored by smaller expansion after 1.5 days while concrete is matured and has large Young's modulus. In Figure 6 , results of inspection of micro-crack are shown. As is expected, colored area was observed in SFNC concrete at the vicinity of deformed rebar. Upper figure shows the evidence of micro-crack caused by autogenous shrinkage around deformed rebar. In this figure, the colored part of concrete is converted to the black spots by image analysis. The depth of colored area is about 5mm. This micro-crack can not be seen in whole part of specimen, but mainly in transfer part of concrete. On the other hand, colored part can not be seen in any part of SFLCEX.
ANALYSIS
In this chapter, firstly, creep analysis based on linear stress-strain relationship and superposition of creep is discussed. And secondly, model for time dependent behavior of micro-cracked concrete is proposed and integrated into stress analysis.
4.1
Linear Analysis In this section, finite element (FE) analysis, which has been already proposed in [3] , is used. In this incremental stress analysis, shrinkage, thermal deformation, and creep strain is Creep model, which can take into account of effect of loading age and hardening process, is also proposed in [3] , and this creep function is used for this FE analysis. The function of creep is: Isoparametric elements with 8 nodes were adopted for this FE analysis, 8040 elements with 8845 nodes were used (Figure 7) .
For input, experimental data of Young's modulus and splitting tensile strength is used and logarithmic interpolation is applied for hardening process.
Comparison of FE analysis with experimental data is shown in Figure 8 was made by strain of rebar at the center of specimen. The experimental data is the average of strain of upper and lower surface, while FE analysis data is the average of 8 strain data at Gaussian points in 1 element located at the center of specimen. As is shown in Figure 8 , FE analysis based on linear stress-strain relationship of creep overestimate the experimental data. This suggests that the micro-crack is occurred because of autogenous shrinkage under restraint condition.
Time-dependent micro-crack model
In order to take into account of the effect of micro-crack, which is distributed in concrete rather homogenously presented in Figure 6 , smeared crack model based on the crack band model [4] is applied. For tension softening behavior, 1/4 model [5] is applied and for shear softening, the ratio of 0.25 to shear stiffness of sound concrete is applied. This ratio is used only for parallel direction of cracked plane.
The data of fracture energy of 182 N/m at 1 day and 209 N/m at 28 days are used with logarithmic interpolation [6] . These values were of concrete with W/B=0.23, but they could be comparable to the concrete with W/B=0.15.
In addition, for time-dependent micro-crack model, following assumptions are adopted:
− Rate of hydration in cracked element is not affected by presence of micro-crack. − Stiffness of concrete element is determined by the maximum crack width in its history and fracture energy of concrete. But in compressive situation, the stiffness of concrete is assumed to be the same as that of sound concrete. − Plasticity is ignored in concrete and instant behavior is always on the pass through the origin. − Once crack occur, the crack plane is fixed. − After cracking, creep strain is considered except for vertical direction to cracked plane.
Those assumptions are described in Figure 9 . Additionally, concrete element around rebar is affected by bond and shows tension stiffening. And if there exist plural crack is occurred in one element, using the fracture energy for concrete element, which is derived from one crack, is inappropriate. Based on the concept of RC-constitutive laws proposed by Maekawa [7] , quintuple fracture energy is assumed for concrete affected by bond in the proposed FE analysis.
Result of FE analysis and its comparison with experimental data is also shown in Figure 8 . The FE analysis with time-dependant micro-crack model shows good agreement with the behavior of RC prism. In the process of FE analysis, the micro-cracking in concrete occurred more than 80% of elements from 14 to 18 hours after casting. While further experimental and theoretical investigation needed, the proposed model could follow the phenomena of RC prism with super-high-strength concrete.
5.
CONCLUSIONS − High strength concrete whose compressive cylinder strength is more than 120 N/mm 2 is developed and using low heat cement, expansive additive and shrinkage reducing agent, self-induced compressive stress is confirmed under restraint condition.
− Micro-crack in high strength concrete whose autogenous shrinkage is about 800 μ at 28 days around deformed reinforcing bar is experimentally identified at 9 days after casting, while no evidence of micro-crack is observed in the high strength low shrinkage concrete. − Time-dependent micro-crack model for crack in hardening concrete is proposed. FE analysis with the proposed model shows good agreement with experimental data, while further investigation should be needed.
